The synthesis of the hexadentate ligand 2,2,9,9-tetra(methyleneamine)-4,7-dithiadecane (EtN 4 S 2 amp) is reported. The ligand is of a type in which bifurcations of the chain occur at atoms other than donor atoms. The cobalt() complex [Co(EtN 4 S 2 amp)] 3ϩ (1) was isolated and characterized. The synthetic methodology also results in a number of by-products, notably 2,9,9-tris(methyleneamine)-9-methylenehydroxy-4,7-dithiadecane (Et(HO)N 3 S 2 amp) and an eleven-membered pendant arm macrocyclic ligand 6,10-dimethyl-6,10-bis(methyleneamine)-1,4-dithia-8-azaacycloundec-7-ene (dmatue). The complexes [Co(Et(HO)
Introduction
The design and application of hexadentate ligands has been of interest ever since Lions proposed thirty-six different ligand topologies for the hexadentate donor set.
1,2 Numerous examples of the hexadentate ligand type have been reported and in many cases the interest has been their application as precursors for the synthesis of fully encapsulated complexes.
3-14
One ligand topology described by Lions was that in which bifurcations of the chain occur at atoms other than donor atoms.
1, 2 Our interest in this particular ligand topology arises from the intrinsic chemistry, and that of the metal complexes formed from them.
15, 16 The application of this ligand topology for further synthetic elaboration enabling the synthesis of encapsulating ligands with larger cavities and a larger variety of donor groups is also of interest. The synthesis and characterization of two new examples of this ligand topology, herein called amplector ligands (Latin: to embrace) is now reported. Although the synthetic methodology reported allows for variations in the donor type and the chelate ring size, the present work confines itself to the synthesis of a particular mixed nitrogen-thioether ligand 2,2,9,9-tetra(methyleneamine)-4,7-dithiadecane (EtN 4 S 2 amp) and its cobalt() complex. Subsequent elaboration to prepare an encapsulating ligand, as the cobalt() complex, is also reported.
The ligands discussed in this work are shown in Chart 1.
Results and discussion

Nomenclature
The abbreviated nomenclature for the amplector (amp) ligand can be considered in terms of the donor set and a hinge moiety † Current address: Gemfire Corporation, 1220 Page Avenue, Fremont CA 94538, USA.
connecting them. Thus, for EtN 4 S 2 amp (2,2,9,9-tetra(methyleneamine)-4,7-dithiadecane) the prefix Et denotes the ethyl hinge and N 4 S 2 refers to the tetraamine-dithioether donor set of the ligand. The same nomenclature applies for the major synthetic by-product Et(OH)N 3 S 2 amp (2,9,9-tris(methyleneamine)-9-methylenehydroxy-4,7-dithiadecane) with a possible chromophore of three primary amines, two thioether donors and an alcohol. In both cases the final two atoms referred to (S 2 ) denote the donor atoms of the hinge moiety. The nomenclature employed to describe the encapsulated complex Me 6 docosadieneN 4 S 2 is similar to that used to describe the expanded hexaaza cage complexes.
17,18
The abbreviation dmatue employed for the eleven-membered macrocyclic ligand 6,10-dimethyl-6,10-bis(methyleneamine)-1,4-dithia-8-azacycloundec-7-ene is not systematic.
Synthesis of ligands and complexes
The potentially hexadentate ligand EtN 4 S 2 amp was synthesized by a reaction sequence (Scheme 1) in which 1,3-(dimethylmethylenedioxy)-2-methyl-2-(methylene-p-tolylsulfonyl)propane 19 is reacted with the sodium salt of 1,2-ethanedithiol. Removal of the acetal protecting groups, under acidic conditions, resulted in the tetrahydroxy product. Conversion to the corresponding sulfonyl ester and reaction with potassium phthalimide in diglyme at 150 ЊC resulted in the tetraphthalimide.
20, 21 The phthalimide groups were removed as described previously. 20 We have found that multidentate ligands of this type cannot easily be purified; distillation invariably results in pyrolysis and chromatographic methods are relatively inefficient.
9,10, 14 The most convenient manner in which to produce a pure sample of the ligand is to prepare and characterize the cobalt() complex.
9,10,14
Reaction of EtN 4 S 2 amp with cobalt() and oxygen resulted in the major product [Co(EtN 4 S 2 amp)]Cl 3 (1ؒCl 3 ), isolated as an orange band after chromatographic purification. The chromatography also resulted in the elution of a series of coloured bands preceding the major product. A red-brown band was identified by microanalysis, NMR spectroscopy and X-ray crystallography as [Co(Et(HO)N 3 S 2 amp)]Cl(ClO 4 ) 2 (2ؒCl(ClO 4 ) 2 ), a complex with a N 3 OS 2 chromophore where the HO is bound to the metal ion. The precursor for the Et(HO)N 3 S 2 amp ligand is most likely formed in the reaction between 2,2,9,9-tetra-(methylene-p-toluenesulfonyl)-4,7-dithiadecane and potassium phthalimide in diglyme. A similar by-product leading to 2,2-bis(aminomethyl)propan-1-ol was isolated in the synthesis of tame (1,1,1-tris(aminomethyl)ethane). 22 A spectrophotometricpH titration of 2 in water (0.1 M Et 4 NClO 4 ; pH [2] [3] [4] [5] showed that the position of λ max shifts to higher wavelengths with increasing pH (476 nm at pH 2; 494 nm at pH 5). Titration with acid (0.1 M Et 4 NClO 4 ; pH 5-2) using the same solution shows 2ϩ (exo-3) complex was isolated in extremely low yield from the tail of the same band. The formation of the endo-and exo-3 complexes can be understood in terms of the possible sequence of steps involved in the complexation. In the case of a multidentate ligand with an amine donor at the apex (e.g. tren; tris(2-aminoethyl)amine), the nitrogen can readily invert to accommodate the sequence of chelation. For ligands with a carbon apex such ready inversion is not possible once two donors are attached. Chelation of the OH in endo-3 would result in the OH trans to the thioether. The observed structure of endo-3 (vide infra) suggests that the thioether donor labilises this site leading to replacement of OH by chloride.
The complex [Co(dmatue)Cl] 2ϩ (4) was isolated in low yield from the first fractions of the eluent from Sephadex cation exchange resin (0.2 M NaCl). The ligand is an elevenmembered pendant arm macrocycle containing an imine in the ring. One proposal as to the origin of this ligand arises from an intramolecular reaction between an aldehyde and a neighbouring amine. Cobalt() nitrate has been shown to act as a mild oxidising agent in the low yielding (9%) conversion of cyclodecanol to cyclodecanone. 25 Thus, formation of the aldehyde may arise from Et(HO)N 3 S 2 amp by reaction with Co 2ϩ prior to, or in association with, complexation and subsequent reaction with a neighbouring primary amine.
The metal complex 1 presents opportunities for further synthetic elaboration about the pseudo-C 2 axis, through the four primary amine donors, in a similar manner to the encapsulation reactions of [Co(tame) 2 ] 3ϩ . 17, 18 These encapsulation reactions are different to those reported for hexaamine complexes, and the mixed thioether/amine analogues where the reaction occurs around the (pseudo) C 3 axis.
9,10,14, 26 The imine cage complex [Co(Me 6 docosadieneN 4 S 2 )] 3ϩ (5) was synthesized from a metal template strategy using 1 with paraformaldehyde in the presence of isobutyraldehyde and base. The imine complex proved difficult to reduce cleanly to the saturated analogue using previously described methodologies.
17, 18 Invariably the reactions were low yielding and the products obtained indicative of ligand decomposition under the conditions employed (NaBH 4 , base).
17,18
Structures
The structures of 1 and 2 consist of the complex cation (Figs. 1 and 2, respectively), a single chloride anion and two perchlorate anions. For 1 the cobalt atom is coordinated to four primary amine and two thioether donors in an octahedral geometry; the cobalt atom lies on a two-fold axis. In 2 the cobalt is coordinated to three amine, one alcohol and two thioether donors. Attempts to crystallize 2 in its deprotonated form were not successful. The complex cations 1 and 2 have a conformation with the C-C bond of the five-membered dithio-chelate ring parallel (lel ) 27 to the pseudo-C 3 axis and the remaining sixmembered chelate rings all adopt the unsymmetrical skew boat conformation.
For 1 (crystal data, 
12-14,28
For 2 the Co-N bond lengths (Table 3) for the bonds trans to the sulfur atoms (1.975(7), 1.989(6) Å) are similar to the Co-N bond lengths for 1 but that trans to the oxygen atom (1.946(7) Å) is slightly shorter. The Co-O bond length (1.955(7) Å) falls within the range for Co() bonds with alcohol groups in multidentate ligands (1.898(1)-1.979(8) Å).
29- 31 The similar ranges (2) 293 (2) 293 (2) 293 (2) 293 (2) 293 ( 
177.08 (19) arranged meridonially as opposed to 2 where the amine donors adopt a facial conformation. The structure of endo-3 consists of the complex cation, a chloride anion, a hexafluorophosphate anion and a water molecule positioned on a site of symmetry such that it has a unit cell occupancy of 50%. exo-3 was crystallized as a mixed chloride/perchlorate salt, and the structure shows the complex cation disordered, with each form having a ∼50% occurrence within the unit cell. In one structure, the sixmembered chelate ring at the alcohol apex has a boat conformation while in the second form the same chelate ring has a chair conformation. The structures of endo-and exo-3 are otherwise identical with the five-membered dithio-chelate rings having the lel form. As might be expected, the coordination spheres for endo-and exo-3 exhibit very few differences in terms of bond lengths and bond angles (Tables 4 and 5 , respectively). The Co-N bond lengths for both endo (1.973(5), 1.968(6), 1.986(6) Å) and exo (1.969(4), 1.973(4), 1.980(4) Å) isomers fall within the expected range for Co()-amine bonds (1.94-2.01 Å).
The Co-S bond length for the thioether trans to the chloride group (endo, 2.202(2) Å; exo, 2.2012(11) Å) is found to be slightly shorter in comparison to the Co-S bond for the thioether trans to an amine (endo, 2.2348(19) Å; exo, 2.2272(12) Å). These Co-S bonds are still within the typical range for Co()-thioether bond lengths (2.194(5)-2.275(3) Å).
12-14
The Co-Cl bond lengths for the endo (2.281(2) Å) and exo (2.2771(11) Å) isomers are in reasonable agreement with Co()-Cl bonds of similar complexes (2.237(4)-2.305(4) Å).
32,33
Complex 4 ( Fig. 5 ) consists of a coordinated chloride and a pentadentate macrocyclic ligand coordinated to the cobalt centre through two primary amines, two thioethers and one imine donor. Two perchlorate anions and a water molecule make up the structure. The dmatue ligand has a cis arrangement with both methyleneamine arms positioned on the same side of the average plane of the macrocycle. The primary amine donors are coordinated trans to the thioether donors. The donors within the eleven-membered macrocyclic ring are coordinated facially and the chloride ion is positioned trans to the imine nitrogen. The imine bond is located between atoms N1 and C9. The Co-N imine bond (1.919(3) Å) ( Table 6 ) is seen to be significantly shorter than the Co-N amine bonds (1.974(3), Table 4 Selected interatomic distances (Å) and angles (Њ) for endo3ؒCl(PF 6 
175.00 (17) N ( 
88.14(16)
89.64 (11) 1.975(3) Å). This is typical for cobalt()-imine bonds in relatively unstrained systems (1.905(5)-1.924(7) Å) consisting of linear or branched ligands. 34, 35 However, Co()-N imine distances have been observed as long as 2.011 Å in a strained macrobicyclic system. 17 This suggests that there is little strain for the complex upon chelation. The Co-N amine (1.974(3), 1.975(3) Å), Co-S (2.2244(12), 2.2345(12) Å) and Co-Cl (2.2658(12) Å) distances are all within the typical ranges for these type of bonds.
32, 33 The bond angles about the coordination sphere also suggests there is little coordinative strain as there is minimal distortion of donor atoms from octahedral geometry.
The structure of 5 consists of the molecular cation, three perchlorate anions and two water molecules. The complex cation ( Fig. 6 ; selected bond lengths and angles Table 7 ) has a lel 3 conformation (defined as the vectors between C7 and C16, C8 and C17, C6 and C15). Two cis imine bonds are located between atoms N1 and C7, and N2 and C8. The position of the donor atoms in the complex can be considered as a slightly 
88.22 ( 
175.2 (4) distorted octahedron. Encapsulation of the coordination sphere shows a slight increase in both the Co-N amine (1.989 (9) and 2.025(8) Å) and Co-S (2.225(3) and 2.248(3) Å) bond lengths in comparison with the precursor 1. The Co-N imine bond lengths (1.991(9) and 2.026(10) Å) are similar to those reported for its N 6 analogue 17, 18 and are distinctly longer than Co-N imine bonds of 1.90 Å in relatively unstrained ligand environments.
34, 35 The Co-N amine, imine bonds trans to the thioether donors are ∼0.03 Å longer than the corresponding Co-N amine, imine bonds trans to nitrogen donors indicating a possible trans influence exerted by the thioethers. This is not observed in 1 and may be a result of the strained nature of the macrobicyclic ligand. The six-membered amine/imine-chelate rings of 5 have a distorted chair conformation while those at the apices adopt the unsymmetrical skew boat conformation, as observed for 1. Superimposition of the structures of 1 and 5 ( Fig. 7) suggests that the amplector structure undergoes minimal rearrangement on encapsulation.
C and 1 H NMR
The
13
C NMR spectrum of 1 displays a six-line spectrum with a single resonance for the methyl carbons and the quaternary carbons whilst two resonances are observed for the methylene carbons adjacent to the coordinated primary amines (δ C ∼ Ϫ21 ppm) and the coordinated thioethers (δ C ∼ Ϫ28 ppm).
9,13,14
Complex 2 displays a twelve-line 13 C NMR spectrum. The resonance at δ C Ϫ43.5 ppm for 2 can be assigned to the methyl group at the amine and thioether donor apex by comparison with the resonance for the methyl peaks in 1 (δ C Ϫ43.2 ppm) while that at δ C Ϫ45.3 ppm can be assigned to the methyl group at the oxygen donor apex. Similarly, the quaternary carbon resonances at the N 2 S and NOS apices (δ C Ϫ26.5 and Ϫ25.4 ppm, respectively) can be assigned by comparison with 1 (C q : δ C Ϫ26.5 ppm). The 13 C resonance for the methylene carbon adjacent to the coordinated oxygen (δ C Ϫ1.0 ppm, pH 1.3) is shifted downfield relative to the resonances for the methylene carbons adjacent to primary amine donors, reflecting the higher electronegativity of oxygen compared to nitrogen. The resonance position is also dependent on pH. The 1 H NMR spectrum of 2 also shows the unsymmetric nature of the complex with distinct resonances observed for the methyl groups.
The 13 C NMR spectrum of endo-3 exhibits twelve resonances, similar to the 13 C spectrum of 2 with only minor shifts observed for analogous resonances. For the exo-3 complex the 13 C NMR spectrum exhibits ten resonances of a possible twelve with resonances due to methylenes adjacent to thioethers degenerate (δ C Ϫ30.1 ppm). The resonance due to the methyl group at the NOS apex (δ C Ϫ48.5 ppm) is shifted upfield in comparison to the analogous resonance for endo-3 (δ C Ϫ45.8 ppm) while that at the N 2 S apex (δ C Ϫ43.1 ppm) is similar to those of 1, 2 and endo-3 (δ C Ϫ43.2, Ϫ43.5, Ϫ43.5 ppm, respectively). The resonances for the quaternary carbons for exo-3 (δ C Ϫ27.0, Ϫ26.6 ppm) and endo-3 (δ C Ϫ27.9, Ϫ24.3 ppm) cannot be readily distinguished on the basis of proximity to the oxygen donor. For each of these compounds there is no quaternary carbon chemical shift that is distinctly closer to that for 1 (δ C Ϫ26.5 ppm) than the other quaternary carbon resonance. The resonance for the methylene carbon adjacent to the unbound alcohol group in endo-and exo-3 (δ C ϩ3.1 and ϩ 2.6 ppm, respectively) display a downfield shift in comparison with the resonance of the methylene carbon adjacent to the coordinated alcohol group in 2 (δ C Ϫ1.0 ppm, pH 1.3). The 13 C chemical shifts of the methylene carbons adjacent to coordinated primary amines and coordinated thioethers in both the endo-and exo-3 complexes are typical for nitrogen-thioether complexes.
12-14 1 H NMR spectra, obtained in D 2 O, give no indication of the formation of an aqua species by substitution of the coordinated chloride ion.
Complex 4 displays a resonance in the twelve-line
13
C NMR spectrum assigned to the imine carbon (δ C ϩ121.8 ppm).
17,18
The resonance attributed to the methylene carbon adjacent to the imine nitrogen (δ C Ϫ5.8 ppm) is shifted markedly downfield relative to that assigned to the coordinated primary amines (δ C Ϫ24.4, Ϫ20.6 ppm). The resonance at δ C Ϫ18.5 ppm is due to the quaternary carbon in proximity to the imine bond while the other quaternary carbon is assigned to the resonance at δ C Ϫ25.9 ppm. The resonances for the methyl (δ C Ϫ44.4, Ϫ43.6 ppm) and methylene carbons adjacent to thioethers (δ C Ϫ31.4, Ϫ29.2, Ϫ27.9, Ϫ26.5 ppm) do not shift substantially from those observed for 1. The 1 H NMR spectrum of 4 displays two distinct methyl resonances (δ H 1.19, 1.57 ppm) and an α-imine proton resonance at δ H 7.98 ppm.
The encapsulated complex 5 displays a twenty-line
13
C NMR spectrum indicative of an unsymmetric molecule in solution. The resonances observed for the methyl carbons (δ C Ϫ43.0, Ϫ42.9, Ϫ42.8, Ϫ42.6, Ϫ42.4 ppm; two accidentally degenerate), methylene carbons adjacent to thioethers (δ C Ϫ29.1, Ϫ28.7, Ϫ27.0 ppm; degenerate δ C Ϫ29.1 ppm), methylene carbons adjacent to secondary amines (δ C Ϫ9.5, Ϫ8.1, Ϫ6.5, Ϫ6.3 ppm), imine nitrogens (δ C ϩ0.7, ϩ1.0 ppm) and methine carbons (δ C ϩ123.6, ϩ125.6 ppm) appear typical.
9,13,14,17,18
Redox behaviour
The cyclic voltammogram of 1 (aqueous 0.1 M NaClO 4 , glassy carbon working electrode) showed metal-based irreversible redox processes (Ϫ0.37 V). For 2 under the same conditions metal based irreversible redox couples were observed although the cathodic peak for the Co 3ϩ/2ϩ redox couple (E c Ϫ96 mV: 100 mV s Ϫ1 ) was shifted to less negative potentials in comparison to 1 (E c Ϫ330 mV: pH 1.5, 100 mV s Ϫ1 ) reflecting the more facile reduction of the Co() to Co() on replacement of an amine with a alcohol donor. The redox behaviour of 2 was found to be pH dependent where increasing the pH incrementally to 5.5 caused a decrease in the intensity of the Co 3ϩ/2ϩ cathodic peak until no metal-based cathodic peak was observed within the limits of the solvent.
The cyclic voltammogram of 5 (aqueous 0.1 M NaCl, pH 1.4, glassy carbon working electrode) exhibited quasi-reversible behaviour (∆E = 77 mV, 10 mV s Ϫ1 , i c /i a = 1.0; ∆E = 165 mV, 500 mV s Ϫ1 , i c /i a = 1.0). The quasi-reversible behaviour is in contrast to the irreversible redox characteristics of 1 under the same conditions, reflecting the enhanced stability of the macrobicyclic complexes (Fig. 8) . The potential of the 5 3ϩ/2ϩ couple (E 1/2 ϩ245 mV, vs. SHE) falls between those reported for the cobalt complexes of Me 8 tricosatrieneN 6 and Me 5 tricosatrieneN 6 (ϩ400 mV and Ϫ160 mV, vs. SHE, respectively).
17,18
Replacement of N donors with thioethers in the case of the sarcophagine complexes causes a positive shift in metal centred redox potentials ([Co (MeN 6 sar) 6 and Me 5 tricosatrieneN 6 , the position of the metal centred redox potential is predominantly influenced by steric factors due to the methyl substituents on each encapsulating arm rather than the composition of the donor set.
UV-Visible spectroscopy
The room-temperature solution visible absorption spectra of Co() low-spin d 6 systems characteristically exhibit two spinallowed transitions. ) and 1 A 1g 3 T 2g (17400 cm Ϫ1 )) at 11 K highly concentrated solutions and stacked Nafion films were required (Fig. 9) .
The perturbation expressions corrected for configuration interaction which can be used to uniquely determine the spectroscopic parameters 10Dq, B and C when the spin forbidden transitions are observed, and assuming O h symmetry are, 
13,37
38
The results C ≈ 6B and 10Dq ∼ 22000 cm Ϫ1 are consistent with those obtained previously for mixed donor thioether-nitrogen ligands (Table 8 ) and consistent with arguments that C/B ratio is approximately 6 compared with 4.8 for the free ion.
4,13,14,39
The magnitude of 10Dq for 1 supports previous observations that this parameter is relatively insensitive for mixed nitrogenthioether cobalt() complexes.
4,13,14
The UV-visible absorption spectra of 2 were obtained in aqueous solution at room temperature, and Nafion films at room temperature and at ∼14 K. The absorption due to the 1 A 1g 1 T 1g transition is clearly observed in solution (pH 2.05: 21000 cm
Ϫ1
) but the 1 A 1g 1 T 2g transition is completely obscured by a charge-transfer band and cannot be resolved even with low temperature studies (∼14 K). The Nafion film UV-visible absorption spectra at low temperature (∼14 K) did not resolve bands due to the 1 A 1g 3 T 1g and 1 A 1g
3
T 2g spinforbidden transitions, hence a complete analysis of ligand field parameters for 2 was not possible. Splitting of the 1 A 1g 1 T 1g transition due to the low symmetry of the complex was not observed, although the band was found to exhibit a pH dependence in aqueous solution.
The room-temperature solution UV-visible absorption spectrum of endo-3 shows the lower energy d-d transition 1 A 1g 1 T 1g at 18760 cm Ϫ1 . The higher energy
1
A 1g 1 T 2g transition is observed as a distinct shoulder on an intense charge-transfer band and band analysis of the spectrum suggests that the band maximum occurs at 26880 cm Ϫ1 . No spin-forbidden bands were observed in the room-temperature solution absorption spectrum. The ligand field parameters 10Dq and B determined from the perturbation expressions for the energies of the d-d E( 
Ref.
(NH transitions, corrected for configuration interaction and assuming C = 6B, were 10Dq = 19650 cm Ϫ1 and B = 619 cm
Ϫ1
. 
16,17
Conclusion
A relatively versatile synthetic methodology has been developed for the synthesis of a ligand in which bifurcations of the chain occur at atoms other than donor atoms. A range of by-products has also been characterized. The cobalt() complex has been characterized and elaborated to form a new encapsulated complex. Subsequent work will report the development of the synthetic strategy resulting in a range of amplector and encapsulating type ligands. 
Experimental
10,13,14 13
C NMR spectra recorded in CDCl 3 and d 4 -methanol were referenced to the CDCl 3 resonance at 77 ppm or the d 4 -methanol resonance at 49 ppm. For NMR assignments quaternary and aromatic carbons are denoted by C q and Ar, respectively. The tosyl and phthalimide groups are abbreviated at tos and phth, respectively.
Low-resolution ESI mass spectra were obtained using a Finnigan MAT 900 XL mass spectrometer and methanol-water (40 : 60) solutions of the metal complexes. Spectra were recorded varying the capillary and skimmer potentials (50-200 V) so as to optimize the intensity of the signals obtained.
Cyclic voltammetry was performed with a Metrohm 757VA Computrace electrochemical analyzer using a standard threeelectrode system with a glassy carbon or platinum working electrode, a platinum auxillary electrode and a Ag/AgCl/KCl reference electrode. Aqueous solutions (metal complex, 5 × 10 Ϫ3 M; 0.1 M NaClO 4 ) were employed. Scan rates were varied from 5 to 600 mV s Ϫ1 . Solution and Nafion film UV-visible spectra were recorded as described previously. 4 Where necessary, peak positions were determined using Peakfit 40 obtaining a correlation coefficient (R 2 ) greater than 0.997.
Syntheses
1,3-(Dimethylmethylenedioxy)-2-methyl-2-hydroxymethylpropane and 1,3-(dimethylmethylenedioxy)-2-methyl-2-(methylene-p-tolylsulfonyl)propane were prepared as described previously. 2,2,9,9-Tetra(hydroxymethyl)-4,7-dithiadecane. 2,9-Bis(3,3-dimethyl-2,4-dioxocyclohexanyl)-4,7-dithiadecane (86.9 g) was dissolved in ethanol (400 cm
3
) and heated at reflux. Concentrated HCl (20 cm 3 ) was added and the reflux continued for 10 min. Upon cooling the solvent was removed under reduced pressure. The black residue was allowed to stand overnight to solidify. The solid was triturated in ethanol and filtered to give a white solid (41.5 g, 60.6%). The filtrate was retained, the solvent removed, and the trituration repeated until no further product was obtained. Analysis. Calc. for C 12 H 26 O 4 S 2 : C, 48.3; H, 8.78%. Found: C, 48.2; H, 9.11%. 3 ) and the mixture heated at 150ЊC for 18 h. The cooled solution was poured into water (600 cm 3 ) to precipitate a brown oil. The mixture was allowed to stand for 24 h and was filtered to yield a pale brown solid. The solid was dissolved in CHCl 3 (600 cm 3 ), dried over Na 2 SO 4 , filtered and the solvent removed under reduced pressure to give a pale brown oil. The oil was triturated in warm ethanol and the solution filtered to yield an off-white solid (20.5 g, 57.2%). 3 ) and the solution filtered. The filtrate was made strongly alkaline with KOH and the product was extracted in CHCl 3 (3 × 100 cm 3 ). The CHCl 3 extracts were combined, dried over Na 2 SO 4 , filtered and the solvent was removed under reduced pressure to yield a yellow oil (4.22 g, 96%). The product was used for preparation of the cobalt() complex without further purification.
Metal complex syntheses
CAUTION: Although the perchlorate salts described in this work do not appear to be sensitive to shock or heat these materials, like all perchlorates, should be treated with caution. products. The major red band was eluted with 3 M HCl. The solvent was removed from the eluent under reduced pressure to give a red solid which was dissolved in water (750 cm 3 ) and loaded onto Sephadex C-25 cation exchange resin (Na ϩ form). The column was washed with water, then 0.2 M NaCl to elute a large rose coloured band which was collected in fractions. Elution with 0.3 M NaCl resulted in a major orange band. The orange eluent was collected and loaded onto Dowex cation exchange resin, and the column washed with water and 1 M HCl. The orange band was eluted with 3 M HCl and the solvent was removed under reduced pressure to yield an orange solid (1.7 g, 12%) . The solid was dissolved in a minimum of water and NaClO 4 added until an orange precipitate formed. 3ϩ eluted from Sephadex cation exchange resin with 0.2 M NaCl the initial section of the rose coloured band was collected. The rose coloured eluent was loaded onto Dowex cation exchange resin (50W × 2 (200-400 mesh) H ϩ form) and the column washed with water and 1 M HCl. Elution with 3 M HCl resulted in the separation of minor red/pink bands and the separation of two bands, a pink/purple band followed by a red/ pink band (see below) which were collected separately. The solvent was removed from the pink/purple eluent and the purple residue was dissolved in a minimum of water and NaClO 4 was added. ClO 4 ) 2 ؒH 2 O) . The first fraction of the rose coloured solution eluted from Sephadex with 0.2 M NaCl was collected and loaded onto Dowex cation exchange resin (50W × 2 (200-400 mesh) H ϩ form). The Dowex column was washed with 1 M HCl and elution with 3 M HCl gave a red-pink solution first followed by some minor bands. The red-pink eluent was collected separately and the solvent was removed under reduced pressure to give a red residue. The residue was dissolved in a minimum of water and NaClO 4 was added to afford red crystals (<0.01 g, <0.01% 3 ) with an excess of NaClO 4 with stirring. The solution was filtered. To the filtrate was added isobutyraldehyde (10 cm 3 ), paraformaldehyde (0.32 g) and triethylamine (7.6 cm 3 ) in quick succession with stirring. After stirring for 1 h, the reaction was quenched with acetic acid. The solution was poured into water (1 L) and filtered. The filtrate was diluted to 2 L and loaded onto Dowex cation exchange resin (50W × 2 (200-400 mesh) H ϩ form). The column was washed with water and 1 M HCl to elute a minor pink band. The major band was eluted with 3 M HCl. The solvent was removed from the eluent under reduced pressure. The residue was dissolved in water (1 L) and loaded onto Sephadex C-25 cation exchange resin (Na ϩ form). The column was washed with water slightly acidified with HCl (pH 4). A major pink band was eluted with 0.2 M NaCl acidified with HCl (pH 4) followed by a series of minor orange bands. The pink eluent was loaded onto Dowex cation exchange resin. The column was washed with 1 M HCl and the product was eluted with 3 M HCl. The solvent was removed from the eluent to yield a dark pink solid (0.15 g, 11.6%). The solid was dissolved in a minimum of water and NaClO 4 was dissolved in the solution. The solution was allowed to stand to produce dark pink crystals. Analysis. Calc. 
Crystal structure determinations
For diffractometry the crystals were mounted onto glass fibres with Supa Glue. Lattice parameters were determined by least squares fits to the setting parameters of 25 independent reflections, measured and refined with an Enraf-Nonius CAD4 diffractometer using graphite-monochromated Mo-Kα radiation. The structures were solved by heavy-atom methods (direct methods) and refined using full-matrix least squares on F 2 . Programs used were SHELXS-86 41 Tables 2-7. CCDC reference numbers 209636-209641. See http://www.rsc.org/suppdata/dt/b3/b304914k/ for crystallographic data in CIF or other electronic format.
